Objective: To identify the genetic etiology in a family with autosomal dominant progressive sensorineural hearing loss.
I N RECENT YEARS, MORE THAN 50 genes responsible for hearing impairment have been identified. 1 Whereas GJB2 mutations are the most common cause of recessive nonsyndromic deafness in the US population, dominant nonsyndromic deafness may result from mutations in a variety of genes, none of which predominate in the population. Although various clinical algorithms have been proposed, developing an efficient and cost-effective means to diagnose the genetic etiology of dominant deafness remains a challenge.
The DFNA2 (deafness, nonsyndromic, autosomal dominant 2) locus was originally mapped to chromosome 1p in 2 families with progressive high-frequency sensorineural hearing loss (SNHL). 2 Ultimately, a potassium channel gene, KCNQ4 (OMIM NM_0047000), was identified as the responsible gene. 3, 4 We used genetic linkage analysis and candidate gene screening to identify the genetic cause of deafness in a family with dominant progressive highfrequency SNHL.
METHODS
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GENOTYPING AND LINKAGE ANALYSIS
A whole-genome scan was performed at the Center for Inherited Disease Research using the Illumina HumanLinkage-12 panel (Illumina Inc, San Diego, California), which contains 6090 single-nucleotide polymorphism (SNP) marker loci, for all 16 pedigree members from whom a DNA sample was available. Genotype data were screened for mendelian incompatibilities using PedCheck, 5 and MERLIN (Multipoint Engine for Rapid Likelihood Inference) 6 was used to assess the data for the occurrence of double recombination events over short genetic distances, which are most likely due to genotyping error. MLINK of the FASTLINK software package 7 was used to perform 2-point linkage analysis, and Allegro1.2c 8 was used for multipoint linkage analysis. An autosomal dominant mode of inheritance with complete penetrance and a disease allele frequency of 0.001 were used in the analysis. Marker allele frequencies were based on HapMap 9 for the CEU (Centre d'Etude de Polmorphisme Humain) population. (CEU is a control population consisting of 180 Utah residents with Northern and Western European ancestry.) For the multipoint analysis, genetic map distances were based on the Build 36 version of the Rutgers combined linkage-physical map of the human genome. 10 For SNP loci that were not included on the Rutgers map, the sequence-based physical map (Build 36) was used as a reference to determine the physical positions of SNP marker loci, and then interpolation was used to determine the genetic map distance. Haplotype reconstruction was performed using SimWalk2. 11, 12 
SEQUENCING OF CANDIDATE GENES
Candidate genes mapping to the linkage region were screened by sequencing of all exons and intron-exon boundaries. Primer sets for polymerase chain reaction were designed using Primer3 Software 13 ( Table 1 ). Polymerase chain reaction was performed using the FailSafe PCR Kit according to the manufacturer's instructions (Epicentre Biotechnologies, Madison, Wisconsin) with a 50-µL reaction volume, 200-ng template DNA, and 0.2-µM primer, with 32 cycles at 58°C annealing temperature and 1 minute 30 seconds of extension time. The polymerase chain reaction product was purified using Qiaquick columns (Qiagen) and was sequenced by the University of Michigan DNA Sequencing Core. To assess the affect of amino acid substitutions, wild-type amino acid sequence was compared with mutant sequence using the SIFT (Sorting Intolerant from Tolerant) program. 14 A SIFT score of 0.05 or lower is predicted to be deleterious, and a score higher than 0.05 predicts a tolerated substitution. 
ANALYSIS OF VARIANTS

RESULTS
CLINICAL DATA
Of 17 participants, 9 were affected with hearing loss, 6 were unaffected, and 2 were spouses. Age at onset ranged from 1 to 21 years. Affected family members had sloping SNHL, with low-frequency thresholds less affected than high-frequency thresholds. In general, hearing was symmetrical. Hearing loss was noted to typically progress with age, with mild to moderate hearing loss identified early in life progressing to severe-profound loss by the seventh decade of life ( Table 2) . Several family members successfully used hearing aids; none were cochlear implant recipients. The phenotype in the family members affected with hearing loss was consistent with DFNA2 deafness. 15
GENETIC ANALYSIS
Results of the genome-wide SNP genotyping analysis showed significant evidence of linkage to chromosome 1p34-p36. The maximum 2-point logarithm of odds (LOD) score of 1.8 and the maximum multipoint LOD score of 3.6 both occurred at marker rs491603 (chromosome 1; 36.3 Mb) ( Table 3 ). Haplotype analysis revealed recombination events that define an 18.9-Mb interval between rs1886651 (chromosome 1; 29.6 Mb) and rs926979 (chromosome 1; 48.5 Mb), containing the KCNQ4 gene (Figure 1 ). This region corresponds closely to the 3-unit support interval, which is slightly larger and extends from rs491603 to rs1242330 (chromosome 1; 53.2 Mb). A heterozygous point mutation in exon 6 of KCNQ4, c.859GϾC, was detected by sequencing DNA in affected family members (Figure 2) . The c.859GϾC nucleotide substitution results in a p.Gly287Arg amino acid substitution in the phosphate-binding loop (Ploop) region of KCNQ4. This mutation was not found in 275 controls (550 control chromosomes). SIFT analysis of the Gly287Arg amino acid substitution predicted a deleterious effect on protein function, with a score of 0.00.
COMMENT
The KCNQ4 gene encodes a tetrameric voltage-gated potassium protein with 6 transmembrane domains; the N and C termini of the protein are on the intracellular side of the membrane, and the fourth transmembrane domain is the voltage sensor portion of the protein.
The fifth and sixth transmembrane domains of the protein form the pore region of the protein, with the peptides between these domains constituting the P-loop. In the complete protein tetramer, 4 of these P-loops form the selectivity filter of the protein. 16 More than 15 mutations in KCNQ4 have been previously reported in association with DFNA2 deafness, including missense, frameshift, nonsense, and splicing mutations. 17 Most mutations occur in the channel pore (P-loop) region. 18 Surface channel expression studies in Xenopus oocytes suggest that missense mutations in the P-loop of KCNQ4 reduce potassium currents in a dominant negative manner. 3, 19 A dominant negative effect is also seen with mutations in the P-loop of a related gene, KCNQ1, which affect potassium currents and cause cardiac arrhythmias in long QT syndrome. 20 This evidence supports the hypothesis that the conserved sequences of the P-loop region are critical to pore structure, function, and targeting. More than 50 genes have been identified in which mutations cause nonsyndromic hereditary hearing impairment, but clinical genetic testing is not widely available in the United States for most of these genes. For certain types of hearing loss, there is 1 predominant gene in which mutations are commonly found, such as WFS1 mutations and autosomal dominant lowfrequency SNHL. 21 Forms of hearing loss associated with temporal bone anomalies are also associated with a limited number of genes. 22 However, for dominant high-frequency SNHL, mutations may occur in any of many possible genes. Affected individuals in family 63 have mild low-frequency and moderate high-frequency SNHL early in life, progressing to moderate lowfrequency and severe-profound high-frequency SNHL later in life, consistent with the phenotype of DFNA2 deafness associated with KCNQ4 mutations. 2, 23 For families with dominant nonsyndromic SNHL following this pattern, clinical genetic testing for KCNQ4 is reasonable to consider (for laboratory listings, see http://www .genetests.org).
High-throughput technologies, such as resequencing microarrays, have been developed to analyze multiple genes mutated in SNHL. 24 However, these "gene chips" may be expensive, and genes such as KCNQ4 may be excluded. In addition, without a priori evidence of linkage to a particular chromosome, it is difficult to classify variants of unknown significance.
For families that are large enough to provide sufficient statistical power, genetic linkage analysis remains an efficient means of identifying deafness genes. New methods using SNP markers have greatly decreased the cost and time of whole-genome genotyping analyses. For dominant high-frequency hearing loss, phenocopies, such as individuals with hearing loss due to aging or noise exposure, are common, which may reduce the power to detect linkage. Although family 63 (with 9 affected individuals) may be at the borderline level of power to detect linkage for a dominant trait, we detected linkage with a significant multipoint LOD score of 3.6. The linkage region identified in family 63 also includes another reported hearing loss gene, GJB3. 25 However, because the evidence implicating GJB3 mutations as a cause of dominant nonsyndromic deafness is unclear, 17 GJB3 was not examined for mutations in this family.
In conclusion, we describe a novel mutation in KCNQ4 segregating in a family with autosomal dominant high-frequency SNHL. Linkage analysis may still have a role to play in facilitating identification of the molecular etiology of deafness in patients in the future. a rare cause of failed parathyroidectomy that should be considered before reoperation. Patients with persistent hyperparathyroidism who have negative findings on sestamibi scans may benefit from widening or customization of scanned fields as directed by selective venous sampling.
